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Introduction
The molecular (non-ionic) form of serine was recently studied in our laboratories by low-temperature matrixisolation IR spectroscopy and quantum chemical methods [1, 2] . In the gas-phase, the monomer of serine was found to exhibit several low energy conformers, which can be grouped accordingly to the dominant intramolecular H-bond they exhibit: A (O-H Alcohol Á Á ÁN), B (O-H Carboxylic Á Á ÁN) and C (O-H Alcohol Á Á ÁO ). Representatives of A, B and C groups could be trapped in low-temperature argon matrices and subsequently characterized by IR spectroscopy [1] . The importance of entropy on the conformational distribution of serine monomer was also investigated, as well as the photochemistry of this species isolated in the cryogenic matrices [2] . All these studies received support from extensive high-level theoretical calculations [1, 2] .
Contrary to the non-ionic form of serine, which has been relatively little studied, its zwitterionic form has been the subject of numerous investigations, since most of the previously reported studies were carried out for the compound in the crystalline phase or in solution. Serine can exist in two enantiomeric modifications, L-serine and D-serine. At the monomer level, the two enantiomers are structurally and spectroscopically identical. However, in the solid state, crystals constructed from the same enantiomer are different from the crystals constructed from the mixture of enantiomers. Very interestingly, DL-serine crystal (including both enantiomers) has been considerably more studied than both L-and D-serine crystals (containing only one enantiomer). For instance, the structure of the DL-crystal was solved for the first time in 1943 [3] , while the crystal of L-serine was only reported ca. 30 years later (almost simultaneously by three different research groups: first, in 1972, by Benedetti et al. [4] , a year later by Ramakumar et al. [5] and, finally, in 1974, by Kistenmacher et al. [6] ). The most recent structural study on L-serine crystal was published last year, by Boldyreva et al. [7] , who presented a very elegant and detailed discussion on the structure of the crystal, in www.elsevier.com/locate/vibspec Vibrational Spectroscopy 43 (2007) [395] [396] [397] [398] [399] [400] [401] [402] [403] [404] particular pertaining to its hydrogen-bond network and structural changes induced by both cooling and increasing pressure. The crystal was found to be orthorhombic (space group: P2 1 2 1 2 1 ), with four molecules in the unit cell and lattice constants a = 5.615(1) Å , b = 8.589(2) Å and c = 9.346(2) Å , at ambient conditions [7] . The crystal is constituted by zwitterions linked via bifurcated intermolecular hydrogen-bonds established between the -NH 3 + group and the carboxyl moiety of a neighbouring molecule into ''head-to-tail'' chains along the crystallographic axis a. The bifurcated H-bonds are asymmetrical with one short (bond 1) and one long (bond 2) branch. The chains are linked via extra N-HÁ Á ÁO Carboxyl H-bonds into a 3D-network. In one plane (a Â b), the neighbouring chains are antiparallel to each other and are linked by N-HÁ Á ÁO Carboxyl Hbonds parallel to the b axis (bond 3); in the other plane (a Â c), the chains are parallel and connected to one neighbouring chain by N-HÁ Á ÁO Carboxyl H-bonds (bond 4) and to another neighbouring chain by O-HÁ Á ÁO bonds established between the -CH 2 OH side groups (bond 5). There are four labile protons in the zwitterions. Those belonging to the ammonium group are involved in considerably strong hydrogen-bonds, the H-bond distances being 2.8700(19) Å /3.1116(18) Å (short and long branch of the bifurcated H-bond, respectively), 2.874(2) Å (bond 3) and 2.841(2) Å (bond 4), at room temperature [7] . Somewhat surprisingly, the O-HÁ Á ÁO intermolecular H-bonds between neighbouring chains (bond 5) were found to be relatively weak, the H-bond distance being 2.9181(8) Å [7] .
Compared to the racemic DL-serine crystal [8] , the crystal of enantiomeric L-serine was found to be considerably more susceptible to pressure-induced changes, exhibiting phase transitions at about 5 and 8 GPa, while for the first crystal no pressure-induced phase transition could be observed until at least 8.6 GPa [9, 10] . This behaviour could be thought to be an indication of more compact packing in the crystal of DL-serine, relatively to L-serine. However, just the opposite happens: at ambient conditions, the density of L-serine (1.549 g/cm 3 ) is higher than that of DL-serine (1.531 g/cm 3 ). In fact, there is accumulated evidence that the different properties of the two crystals are essentially due to the different interactions established by the -CH 2 OH side groups in each case [7] [8] [9] . The most relevant piece of information supporting this idea is the fact that, after the pressure-induced phase transition, the O-HÁ Á ÁO Alcohol H-bond is substituted by the presumably stronger O-HÁ Á ÁO Carboxyl H-bond, while all the remaining H-bonds are kept without any strong structural changes [8, 9] . In addition, it was also found that the most important changes in other structural parameters (in particular, bond and dihedral angles) occurring upon increase of pressure do also take place in the -CH 2 OH groups [8, 9] . Furthermore, the most important differences between the structures of the zwitterionic units in the crystals of L-serine and DL-serine were also observed for the -CH 2 OH related parameters [8] . Since infrared spectroscopy is a technique particularly sensitive to vibrations originating in highly polarized groups, such as the OH moiety, one could expect that its use to the study of the specificities of the H-bond network in serine crystals might be able to further improve our knowledge on these systems.
The room-temperature vibrational spectra (IR and Raman) of the crystal of L-serine have been reported for the first time, in 1973, by Krishnan et al. [11] . Six years later, Madec et al. [12] extended the analysis of the vibrational spectra of L-serine to its deuterated isotopologue, L-serine-D 4 [DO-CH 2 -CH(ND 3 )
The far-IR spectrum of L-serine was recorded by Husain et al. [13] and, more recently, by Korter et al. [14] . In addition, the inelastic incoherent neutron scattering (IINS) spectra were also obtained at 10 K for neat L-serine and L-serine-D 4 by Pawlukojć et al. [15] . However, none of these studies investigated the details of the spectral regions where the proton modes absorb, in particular the high frequency range (>2000 cm À1 ), since under the experimental conditions used the nO-H and nN-H vibrations give rise to a very broad and extensively structured spectral feature, not allowing direct identification of the bands due to individual modes.
The theoretical study of the zwitterionic monomeric form of L-serine has also been attempted in the past. Pawlukojć et al. [15] have used ab initio (HF and MP2) and DFT/B3LYP methods with 6-31G(d) and 6-311++G(d,p) basis sets to investigate this system. However, both the DFT and MP2 calculations failed to retain the zwitterionic structure. After optimisation, the structures converged to the neutral (molecular) form of serine. Indeed, it is well known that the zwitterionic forms of simple amino acids in general do not correspond to true minima in the potential energy surface (PES) of the isolated monomer, optimisation to minimum energy structures systematically converging to the molecular species (as observed in the present case). This was found, for instance, for glycine [16, 17] , and a-and b-alanine [18] . However, it is also well known that, contrarily to more sophisticated methods, low-level Hartree-Fock calculations in general predict the isolated zwitterionic forms of simple amino acids as being minima on the corresponding PES [19, 20] . This is nowadays known to be an erroneous prediction of such low-level calculations, but it has the advantage of enabling theoretical predictions of vibrational spectra (among studied properties that are only meaningful when calculated for stationary points on the PES) to be made. Since vibrational spectra (in particular vibrational frequencies) are in general predicted well enough even at low theoretical level for most of practical applications (e.g., general spectra assignment), use of properly scaled vibrational frequencies obtained using low-level theoretical ab initio calculations to help in the interpretation of experimental spectra of zwitterionic species has been considered frequently in the past. For instance, Pawlukojć et al. [15] attempted to use this approach to predict the vibrational frequencies of serine and compare them with the IINS experimental spectrum obtained for the crystal. In this case, the comparison was not, however, particularly favourable. Several theoretical studies were also reported dealing with serine in solution, which simulated the solvent as a continuum media characterized by its dielectric constant [21] [22] [23] [24] [25] [26] or, alternatively, considered explicitly a few solvent molecules, which were found to be required for stabilization of the zwitterions [27] [28] [29] .
As a whole, both the experimental and theoretical results previously obtained for L-serine stress the importance of a detailed structural and vibrational characterization of this amino acid in the crystalline phase.
In the present investigation, IR spectroscopy was applied to the study of crystals of L-serine with natural isotopic abundance and partially deuterated ( 10 and ffi30% deuterium content) within the temperature range 300-10 K. In the case of the deuterium-doped crystals, the minority deuterated molecules are well isolated within the non-deuterated crystal bulk and their deuterium-related vibrations are not affected by symmetry-related interactions and local anisotropy resulting from thermal excitation. For non-doped crystals, these interactions usually lead to a strong broadening of the vibrational bands originated in the hydrogen-bonded groups and prevent observation of their characteristic temperature dependence [30] [31] [32] . On the other hand, the widths of the bands associated with the decoupled vibrations given rise by the minority deuterated molecules present in the doped crystals are much smaller. It is then possible, working under low-temperature conditions, to increase further the spectral resolution of the vibrational spectra, and allow for the observation of protonrelated bands ascribable to specific H-bonds in the crystal. This isotopic-doping/low-temperature methodology was previously applied successfully to the study of H-bonding in the crystals of many biologically relevant systems, including DL-serine [33] , and led to the establishment of very general correlations between the frequency shifts of the proton stretching and outof-plane bending vibrations occurring upon H-bond formation and the corresponding H-bond lengths and energies [34] [35] [36] [37] [38] . Such correlations were also used in this study to estimate H-bond properties in the L-serine crystal from the measured spectroscopic data.
Materials and methods
L-Serine was obtained commercially (spectroscopic grade) from Sigma and used without any additional purification.
The IR spectra of polycrystalline natural isotopic abundance (NH/OH ffi 100% H) and partially deuterated (ND/OD 10% D and ffi30% D) crystals of L-serine in a KBr (1:200) pellet, attached to the cold finger of an APD Cryogenics closed-cycle helium refrigeration system with a DE-202A expander, were recorded using a Mattson Infinity 60AR series FTIR spectrometer, with spectral resolution 1 cm À1 . The temperature (300-10 K) was measured directly at the sample holder by a silicon diode temperature sensor connected to a Scientific Instruments temperature controller (model 9650). The sample temperature during registration of spectra was stabilized to ca. AE0.2 K. The temperature-induced spectral changes observed for both substances were found to be reversible and highly reproducible. The deuterated samples were obtained from commercial L-serine by recrystallization from the solution in D 2 O (Aldrich).
Raman spectra were obtained using the 647.1 nm laser excitation from an Innova 400 Krypton Laser System (Coherent, Inc.), a back-illuminated charge-couple device (CCD) detector (model 1024EHRB/1, Princeton Instruments, Inc.) operating at 183 K, and a Holospec f/1.4 axial transmission spectrometer (Kaiser Optical Systems, Inc.) employed as a single monochromator [39] . The Raman laser probe was focused on the single crystal of L-serine with help of a microscope [40] .
The hanging drop vapor diffusion technique was successfully applied to grow up the single crystal of L-serine (conditions-sample solution: aqueous solution of L-serine (400 mg/mL; T ffi 325 K); reservoir: 1 mL of 1.663 M of NaCl solution; hanging drop: 4 mL sample solution).
Results and discussion
To follow the same nomenclature adopted in our previous study on the crystal of DL-serine [33] , the three presently studied samples of L-serine will be abbreviated by Ser (L-serine crystal with natural isotopic abundance), Ser90 ( 10% D; !90% H) and Ser70 (ffi30% D; ffi70% H). In the following sections, discussion will be centred on the spectra obtained for Ser and Ser70. The spectra of Ser90 were found identical to those of Ser70 (except in what concerns to intensities of the deuteriumrelated bands), showing that in both samples the deuterated molecules can be considered sufficiently well isolated.
The observed IR spectra of polycrystalline Ser and Ser70, at room temperature and at 10 K, are presented in Figs. 1-3. The observed Raman spectrum of Ser single crystal, at room temperature, is presented in Fig. 4 . The proposed band assignments are given in Table 1 . To facilitate the analysis of the vibrational data, the discussion of the experimental results will be made dividing the spectra in three regions. Band positions in the IR spectra quoted during discussion will correspond to the positions of absorption peaks for the samples cooled to 10 K. In this spectral range, the room-temperature IR spectra of Ser, Ser90 and Ser70 polycrystalline samples present the expected broad and structured shape typical of amino acids [18, 33] . This behaviour is illustrated in Fig. 1 , where the IR spectra of Ser and Ser70 are shown. The overlapping signals become progressively narrower and the peak intensities increase considerably on cooling, leading to the observation of more pronounced band structure at low temperature. The characteristically narrow bands due to the CH stretching vibrations (nCH 2 asym, nCH 2 sym and nCH) can then be picked up easier from the broad profile; they correspond to the maxima at 3004 cm À1 (nCH 2 asym), 2956 cm À1 (nCH 2 sym) and 2905 cm À1 (nCH) ( Fig. 1 and Table 1 ). These bands relate to the sharp bands at 2989, 2955 and 2903 cm À1 in the roomtemperature Raman spectrum of the single crystal of Ser (Fig. 4) . Regarding these vibrations, our assignments agree with those of Pawlukojć et al. [15] . a vs, very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder. b n, bond stretching; d, bending; v, wagging; g, rocking (out-of-plane); tw, twisting; t, torsion; asym, anti-symmetric; sym, symmetric; n.i., not investigated. c In this column we provide only the frequencies of the bands which are absent in the spectra of Ser and are due to (i) uncoupled vibrations of deuterated groups (frequencies presented in bold), and (ii) satellite bands of bands mainly due to vibrations of other groups, but noticeably shifted by deuteration.
d The nOH and nNH 3 + modes give rise to an intense feature extended from ca. 3700 to 2500 cm
À1
, with main maxima at 3446 and 3250 cm
. e This frequency does not correspond to a satellite band absent in the spectra of Ser, but it corresponds to the frequency in the spectra of Ser90 and Ser70 of the band observed in Ser at 476 cm À1 (see text for discussion).
The OH stretching mode gives rise to the features observed in the 3550-3350 cm À1 range. In the infrared spectra obtained at low temperature, a multiplet of bands is observed in this spectral region, with main maxima at 3529, 3501 and 3465 cm À1 ( Fig. 1 and Table 1 ). Observation of this multiplet structure results from non-equivalence of monomeric units in the crystalline unitary cell and vibrational coupling between different molecules (crystal field splitting), the same behaviour being also observed in other spectral regions (in particular for dCOH and tOH modes), as it will be discussed in detail later on. In the room-temperature spectra, nOH appears as a broad unstructured band with maximum at 3462 cm À1 (infrared) or at 3446 cm À1 (in the Raman spectrum). It is very interesting to compare the relative position of the bands ascribed to nOH in the crystals of L-and DL-serine, since this is a spectral parameter that clearly reflects the different packing in the two crystals. As mentioned in Section 1, in the crystal of L-serine the O-HÁ Á ÁO Alcohol intermolecular H-bonds between neighbouring chains (bond 5) were found to be relatively weak, the H-bond distance being 2.9181(8) Å [7] . On the other hand, in the crystal of DL-serine, the -CH 2 OH group is hydrogen-bonded to the carboxylic group of a neighboured molecule [8, 41] (as in the high-pressure polymorph of L-serine) [7, 8] . This O-HÁ Á ÁO Carboxyl intermolecular H-bond is considerably stronger than the O-HÁ Á ÁO Alcohol H-bond in L-serine crystal, as reflected by the corresponding H-bond distance: 2.671 Å [41] . Accordingly, the absorption bands due to the nOH mode of L-serine are observed at much higher-frequency than in the spectrum of DL-serine, where they are observed at ca. 2900 cm À1 (superimposed with the nNH and nCH stretching modes [33] ).
The nNH 3 + modes give rise to bands in the 3350-2500 cm
range. As usually, these bands are intense, but also very broad and complex, as a result of anharmonic coupling with low frequency modes, which precludes the assignment of the bands to a particular vibration. In the 2650-1800 cm À1 region, there are no prominent bands in the spectra of Ser. The most intense band in this range is observed at ca. 2040 cm À1 . This band could be easily assigned to the (dNH 3 + asym + tNH 3 + ) combination, which is a well-known feature appearing in the infrared spectra of crystalline amino acids [33, 42] . On the other hand, in the spectra of the deuterium-doped crystals (Ser70 and Ser90), the 2650-1800 cm À1 region is the spectral range where the bands due to the uncoupled ND and OD stretching vibrations of the minority deuterated molecules are observed. As already mentioned, according to the crystalline structure of L-serine [7] , the three ammonium hydrogen atoms are involved in different H-bonds. Then, three bands (or groups of bands) should be observed in this spectral region due to molecules containing the -NDH 2 + group. In addition, -OD containing molecules should also give rise to a band (or group of bands) in this spectral range.
As shown in Fig. 1 , in the low-temperature spectrum of Ser70 the bands due to the uncoupled deuteron stretching vibrations of both the -NDH 2 + and -OD groups are easily identifiable: nO-D gives rise to a multiplet with maxima at 2595, 2589, 2580 and 2570 cm À1 , exhibiting a profile quite similar to that corresponding to the nO-H feature, while the nN-D modes give rise to three triplets of bands at 2346/2308/ 2294, 2258/2229/2211 and 2188/2167/2148 cm À1 (see also Table 1 ). As expected, all these bands exhibit marked temperature dependence.
The assignment of the nN-D bands to a specific N-D linkage can be made taking into consideration the different strengths of the three N-DÁ Á ÁO Carboxyl H-bonds in the L-serine crystal, as reflected by the corresponding H-bond distances. However, it must be noticed that, according to the structural data [4] [5] [6] [7] , the H-bond angles (N-HÁ Á ÁO Carboxyl ) are different in the three H-bonds. Hence, the NÁ Á ÁO distances are not the best parameter to be correlated with frequencies, which indeed depend mainly on the distances involving the hydrogen atoms. Very unfortunately, the available structural information on these distances is inconsistent, due to the well-known difficulty of Xray diffraction experiments to localize precisely hydrogen atoms (in particular when they are involved in hydrogenbonds). Just to give an example, for the hydrogen-bond 4, the HÁ Á ÁO distance reported in refs [4, 6, 7] is 2.01(3), 1.91(4) and 1.889 Å , respectively. In any case, the analysis of the three sets of structural data previously reported [4, 6, 7] enabled us to conclude that bond 3 (linking the antiparallel chains in the a Â b plane) is the weakest N-HÁ Á ÁO Carboxyl bond in the L-serine crystal (average measured HÁ Á ÁO distance, 1.957 Å ), while bond 1 (associated with the shortest branch of the bifurcated hydrogen-bond) and bond 4 (linking the chains parallelely in the a Â c plane) have nearly the same strength (average HÁ Á ÁO distances are 1.934 and 1.936 Å , respectively). However, due to the presence of the second component of the bifurcated hydrogen-bond, it can be considered that as a whole the bifurcated H-bond will indeed be the strongest hydrogenbond in the L-serine crystal. Then, the three observed triplets of bands associated with the uncoupled nN-D vibrations in deuterium-doped serine crystals can be assigned, in a descending order of their frequency, to bond 3, bond 4 and the bifurcated bond, respectively.
It is also worth noticing that the observed frequencies of the uncoupled deuterons of the -NDH 2 + group in the crystals of L-serine and DL-serine are very similar: 2316, 2232 and 2167 cm À1 (mean values), for L-serine, compared to 2293, 2232 and 2197 cm À1 , for DL-serine [33] . These results clearly indicate that the key difference in the hydrogen-bond networks of the two crystals is associated with their distinct O-HÁ Á ÁO interactions, as was already suggested by the structural data and, in particular, by the pressure-induced structural changes observed by Boldyreva et al. [7, 8, 10] .
The 1800-1275 cm
À1 spectral range (Figs. 2 and 4) Bands due to the stretching modes of the carboxylate group (nCOO À asym and nCOO À sym) and to the bending modes of the ammonium group (dNH 3 + asym 0 , dNH 3 + asym 00 and dNH 3 + sym) are expected to appear in this spectral region. In addition, the scissoring and wagging modes of the -CH 2 group, as well as the two bending modes of the -CH fragment (dCH and gCH)
should also give rise to bands in this spectral region. As shown in Fig. 2 , most of the bands observed in this spectral range show multiple components, resulting from crystal field splitting or anharmonic couplings (especially at low temperature; in some cases, at higher-temperatures the increased bandwidths preclude clear observation of the different band components). The dNH 3 + asym 0 , dNH 3 + asym 00 and dNH 3 + sym modes are assigned to features around 1645, 1620 and 1490 cm À1 , respectively, which exhibit strong temperature dependence and reduce noticeably their intensity in the spectra of the deuteriumdoped crystals (see Fig. 2 ). In the Raman spectrum of Ser at room temperature, the dNH 3 + asym 0 and dNH 3 + asym 00 modes are assigned to features at 1662/1644 and 1627 cm À1 , while dNH 3 + sym is assigned to the band at 1496 cm À1 (Fig. 4) . The assignment of the bands due to the two carboxylate stretching modes is straightforward. It has been pointed out that the nCOO À anti-symmetric stretching mode shows a large sensitivity to crystal field effects [43] becoming very intense and spreading through a wide spectral region. Hence, the broad intense band with main maximum at ca. 1600 cm À1 was assigned to this vibration, which has correspondence in the Raman spectrum with the band observed at 1571 cm À1 (with shoulder at 1585 cm À1 ). In turn, the nCOO À symmetric mode is assigned to the doublet of bands at 1434 and 1414 cm
À1
, which have counterparts at 1434 and 1423 cm À1 in the Raman spectrum. The assignments of the carboxylate modes clearly follow those previously made for the crystal of DL-serine, though in the latter crystal the nCOO À symmetric mode gives rise to a multiplet of bands due to involvement in a Fermi resonance interaction with the first overtone of the OH torsion [33] . Because the hydrogen-bond involving the OH moiety in L-serine is much weaker than in the DL-serine crystal, tOH has a considerably lower-frequency in L-serine (ca. 450 cm À1 ) than in DL-serine (744 cm À1 [33] ) and the Fermi resonance cannot take place in this case.
The dCH 2 and vCH 2 vibrations as well as the two bending modes due to the methyne group (dCH and gCH) give rise to bands at nearly the same positions as in the DL-serine crystal. [33] ). It is worth noticing that the bands ascribed to the bending vibrations of both the -CH 2 and -CH groups show a substantial dependence on temperature clearly indicating that these modes are considerably coupled with vibrations originating either in the -NH 3 + or -OH groups. In the Raman spectrum of Ser recorded at room temperature the bands associated with the dCH 2 , vCH 2 , dCH and gCH modes are observed at 1461, 1361, 1345 and 1301 cm À1 , respectively (Fig. 4) .
Region below 1275 cm À1 (Figs. 3 and 4)
This spectral region is by far the most complex one in the spectra of the studied compounds. As it could be expected, the spectra of Ser90 and Ser70 are considerably more complex than that of Ser, because deuteration shifts several absorptions from the higher-frequency region to this lower-frequency region (e.g. for dNH, gNH and dCOH modes). Furthermore, vibrational coupling is well known to be particularly important in the low frequency region of the spectra. This fact makes the assignment of bands to a single internal coordinate approximate, once usually several internal coordinates contribute significantly to the normal mode, even at the monomer level. In the following discussion, an approximate simplified description of the vibrations absorbing in this spectral range will be used, assuming in each case a dominant contribution. The main bands in the spectrum of Ser can, however be assigned relatively easily by comparison of the present data with those previously obtained for DL-serine crystal [33] . Then, the bands at 1090, 1022/1015, 973, 922, 856, 806, 616, 577 and 531 cm À1 in the spectrum of L-serine correspond to those observed at 1096, 1046/1034/1012, 989/984, 902, 851, 833/819, 622, 569/560 and 539/514/512 cm À1 in the spectrum of DL-serine [33] , and are assigned to the nCO, gCH 2 , nCN, nC a -C b , nC a -C, gCOO À , dCOO À , vCOO À and tNH 3 + modes, respectively. The patterns of variation of all these bands with change of temperature are consonant with the expectations, the bands due to nCO, nC a -C b and nC a -C being less sensitive to temperature (see Fig. 3 ), pointing to a more typical skeletal nature of these vibrations.
The assignment of the remaining bands in the spectrum of Ser is less obvious. The dCOH vibration was assigned to the weak bands at 1224, 1218 and 1209 cm À1 , which show a pronounced temperature effect. It is worth mentioning that dCOH appears at considerably lower wavenumbers in the vibrational spectra of L-serine when compared with DL-serine crystal, where it is observed at 1249 cm À1 [33] . This is in agreement with the much weaker H-bond involving the -CH 2 OH side chain in L-serine crystal compared to that of DL-serine. Our assignment for this mode is also supported by the results previously obtained by Pawlukojć et al. [15] , since no bands in the 1225-1200 cm À1 range were observed in the spectrum of L-serine-D 4 .
The rocking modes of the ammonium group (gNH 3 +0 and gNH 3 +00 ) were assigned to the bands at 1132 and 1126 cm À1 , which decrease in relative intensity in the spectra of the deuterium-doped crystals. The band at 1132 cm À1 has a shoulder at higher-frequency (ca. 1140 cm À1 ), which is here assigned to the twCH 2 mode (Fig. 3) . These three modes, i.e. gNH 3 +0 , gNH 3 +00 and twCH 2 , are contributing to the band at 1137 cm À1 (with shoulder at 1143 cm À1 ) in the roomtemperature Raman spectrum of L-serine (see Fig. 4) .
Finally, the tOH mode does also absorb in the spectral range above 400 cm À1 in infrared. Below 400 cm À1 , the Raman spectrum of Ser shows four features, at 368, 303, 205 and 184 cm À1 (Fig. 4) , which are assigned to the dCCC, rCCC, rCCN and rCOO À modes, respectively, in agreement with the assignments previously proposed in Ref. [15] (see Table 1 ). As it could be anticipated, in L-serine crystal the tOH mode appears at a considerably lower-frequency than in DL-serine. In DL-serine, tOH appears at 744 cm À1 [33] , a characteristic frequency for a tOH vibration of a hydroxyl group involved in a strong H-bond. In contrast, in the crystal of L-serine the hydroxyl group is practically ''free'' and tOH appears in the 500-420 cm À1 range (438 cm À1 in the room-temperature Raman spectrum of the single crystal). As expected, the bands ascribed to tOH show a pronounced temperature effect and decrease in relative intensity in the spectra of the deuteriumdoped crystals.
In the region below 1275 cm À1 , the IR spectra of both Ser90 and Ser70 do also exhibit bands due to uncoupled deformational modes of the -OD and -NDH 2 + groups present in these crystals in minority amounts. In addition, some other vibrations originated in the minority deuterated zwitterions also contain significant contributions of the isotopically substituted groups, then giving rise to bands that appear slightly shifted relatively to the position for the same modes in the most abundant nondeuterated zwitterionic units.
The ) and 570/554 cm À1 (vCOO À ). In turn, the first group of bands includes: (i) the triplet of bands observed at 888, 881 and 870 cm À1 , which is due to the dCOD mode of the minor deuterated molecules present in the crystals; (ii) the groups of bands observed at 1173/1170/1153, 1111/ 1098 and 1048/1038 cm À1 , which correspond to the three uncoupled dN-D vibrations of the -NDH 2 + deuterons involved in hydrogen-bonds of decreasing strength (i.e., bifurcated bond, bond 4 and bond 3); these bands appear at nearly the same frequencies as the equivalent vibrations in the deuterium-doped DL-serine crystal, where they were observed at 1144/1135, 1123/1115 and 1079 cm À1 , respectively [33] (note that this result stresses once again the conclusion that the N-HÁ Á ÁO intermolecular H-bonds in L-serine and DL-serine crystals are quite similar, and that the different properties exhibited by the two crystals must be essentially a consequence of their different O-HÁ Á ÁO interactions); (iii) the bands at 844 cm À1 , 819 cm
À1
(better seen in the 10 K spectrum of Ser90) and 780 cm À1 , which are due to the uncoupled gN-D vibrations and whose specific assignment is discussed below; (iv) the band at 513 cm À1 , which is tentatively assigned to the tNDH 2 + mode in the deuterated minority zwitterion units.
To assign the observed gN-D bands to individual bonds we made use of the general empirical correlation between the redshift of the uncoupled N-H stretching bands in the crystal (relatively to the frequency of a similar mode in non-hydrogenbonded molecule) and the blue-shift in the band of the corresponding out-of-plane mode in the crystal (again relatively to the frequency of a similar mode in a nonhydrogen-bonded molecule) [44] . Following conventional Herzberg's notation, the stretching modes will be here designated as n 1 , while the out-of-plane rocking modes as n 4 . The red-shift of n 1 and the blue-shift of n 4 bands associated with a given H-bond proton correlate to each other as Dn À1 , which correspond to rounded average values for free N-H amine stretching and rocking vibrations in amines, amino acids and other compounds bearing amino or protonated amino groups [16, 33, 34, 42, [45] [46] [47] , the three out-ofplane uncoupled vibrations originating from individual NH groups are predicted to occur at 1158, 1145 and 1132 cm À1 . These frequencies can be associated with the three progressively weaker N-HÁ Á ÁO Carboxyl bonds observed in the crystal of L-serine. If we take into account the frequency isotopic ratio (gN-H/gN-D) of 1.41 observed for these modes in DL-serine crystal [33] , the counterparts of these bands in the spectrum of deuterium-doped L-serine crystals, i.e. the bands due to the three out-of-plane uncoupled vibrations originated in individual N-D bonds, are expected to occur at 821, 812 and 803 cm À1 . These predicted frequencies closely match the positions of bands observed at 844, 819 and 780 cm À1 , which can then be ascribed to the uncoupled gN-D modes of the groups involved in the bifurcated hydrogen-bond, bond 4 and bond 3, respectively.
Use of the empirical correlation between n 1 and n 4 to estimate the frequency of the tOD mode (with n reference values of 3640 and 300 cm À1 [33] ), yields the value 306 cm À1 , which is below the accessible spectral region of our infrared instrument.
A final note should also be made regarding the observed shift of the band observed at 476 cm À1 in the low-temperature infrared spectrum of Ser, to 462 cm À1 , in the spectra of the deuterium-doped crystals. As mentioned above, this band is the lowest-intensity component of the group of bands ascribed to tOH (see Fig. 3 and Table 1 ). Though the following explanation for the observed shift must be considered only as tentative, it is possible that it results from a reduction in the degree of an anharmonic interaction (e.g., Fermi resonance) of tOH with an overtone of a lower-frequency mode due to deuteration. Indeed, deuteration could lead to a frequency shift in the interacting low frequency mode reducing the frequency matching between its overtone and the tOH fundamental and, consequently, the anharmonic coupling, thus changing the relative positions of the bands resulting from this interaction; the lowest-intensity band could then be expected to exhibit the largest-frequency shift, consonant with the observations.
Spectra/H-bond distances and spectra/H-bond energies correlations
The observed frequency red-shifts of the n 1 stretching modes upon H-bond formation and the corresponding H-bond lengths (r HÁ Á ÁB ) were shown to obey the empirical correlation expressed as Dn 1 /cm À1 = 0.011 (r HÁ Á ÁB /nm) À6.1 [35, 48] . This expression was shown to describe successfully the experimental data collected for a considerable number of H-bonded systems, including crystalline carbohydrates [36, 49] , nucleobases (cytosine [50] , uracil and thymine [51] ), nucleosides (cytidine [52] , adenosine and uridine [53] ) and several amino acids (glycine, alanine, glutamine, histidine, tyrosine and threonine [34, 46] ). This empirical correlation was also successfully applied to crystalline DL-serine [33] .
The H-bond distances estimated from the IR spectra using the empirical correlation for the three non-equivalent single H-bonds in crystalline L-serine experimentally found by diffraction methods are 2.15 Å (bond 5; O-HÁ Á ÁO), 1.86 Å (bond 3) and 1.81 Å (bond 4), fairly reproducing the experimental values [4, 6, 7] . Indeed, in the case of the O-HÁ Á ÁO H-bond distance (bond 5) the estimated value agrees very well with the average experimental value (2.111 Å ), whereas the estimated values for the N-HÁ Á ÁO bonds are slightly underestimated (by ca. 0.1 Å , relative error within ca. 5%). Strictly, the correlation cannot be applied to a bifurcated bond, since the frequency shift results from the added effect of the two individual hydrogen-bonds. However, since as revealed by the structural methods [4, 6, 7] for L-serine one of the branches of the bifurcated hydrogen-bond is considerably shorter than the other, we also tried to use the empirical relationship above as a way to estimate the length of the shorter branch of the bifurcated hydrogen-bond. Though being within a 10% relative error when compared to the average experimental value (1.934 Å [4, 6, 7] ), the resulting value, 1.77 Å , is much worse when compared with the estimations for the remaining H-bond distances. This clearly reveals the structural significance of the second 'component' of the bifurcated bond.
It is also possible to estimate thermodynamic properties related with H-bonds from the spectroscopic data using the empirical correlations between the H-bond energy and (i) the blue-shift of the n 4 mode bands {ÀDH = 0.67Dn . This value is smaller than that previously estimated for DL-serine (101 kJ mol À1 [33] ), as expected taking into consideration the different properties exhibited by the crystals of L-serine and DL-serine, in particular the greater structural stability of the latter crystal upon the increase of external pressure [7, 8] and melting points (222 and 240 8C, for L-and DL-serine crystals, respectively [54] ).
Conclusion
In this study, the IR spectra of polycrystalline samples of L-serine with naturally occurring isotopic contents and doped with deuterium ( 10 and ffi30% deuterium contents) were investigated in the range 4000-400 cm À1 , at temperatures varying from 300 to 10 K. The Raman spectrum of single crystal sample of L-serine with naturally occurring isotopic contents was also investigated in the range 4000-150 cm À1 , at room temperature. The full assignment of the spectra is presented. The isotopic-doping/low-temperature methodology, allowed the identification in the spectrum of the deuteriumdoped crystals of bands associated with individual (uncoupled) deuterium vibrational modes. From these data, estimations of the energies of the different H-bonds present in L-serine crystal, as well as H-bond lengths, were made using well-known empirical correlations [34] [35] [36] [37] [38] . A systematic comparison between the presently obtained results on L-serine with the data previously obtained for DL-serine revealed that the vibrational spectra of the two crystals reflect well the different characteristics of their H-bond networks and do also correlate well with the different susceptibility of the two crystals to pressure-induced strain.
